Natural selection dictates that cells constantly adapt to dynamically changing environments in a context-dependent manner. Gene-regulatory networks often mediate the cellular response to perturbation [1] [2] [3] , and an understanding of cellular adaptation will require experimental approaches aimed at subjecting cells to a dynamic environment that mimics their natural habitat 4-9 . Here we monitor the response of Saccharomyces cerevisiae metabolic gene regulation to periodic changes in the external carbon source by using a microfluidic platform that allows precise, dynamic control over environmental conditions. We show that the metabolic system acts as a low-pass filter that reliably responds to a slowly changing environment, while effectively ignoring fast fluctuations. The sensitive low-frequency response was significantly faster than in predictions arising from our computational modelling, and this discrepancy was resolved by the discovery that two key galactose transcripts possess half-lives that depend on the carbon source. Finally, to explore how induction characteristics affect frequency response, we compare two S. cerevisiae strains and show that they have the same frequency response despite having markedly different induction properties. This suggests that although certain characteristics of the complex networks may differ when probed in a static environment, the system has been optimized for a robust response to a dynamically changing environment.
Natural selection dictates that cells constantly adapt to dynamically changing environments in a context-dependent manner. Gene-regulatory networks often mediate the cellular response to perturbation [1] [2] [3] , and an understanding of cellular adaptation will require experimental approaches aimed at subjecting cells to a dynamic environment that mimics their natural habitat [4] [5] [6] [7] [8] [9] . Here we monitor the response of Saccharomyces cerevisiae metabolic gene regulation to periodic changes in the external carbon source by using a microfluidic platform that allows precise, dynamic control over environmental conditions. We show that the metabolic system acts as a low-pass filter that reliably responds to a slowly changing environment, while effectively ignoring fast fluctuations. The sensitive low-frequency response was significantly faster than in predictions arising from our computational modelling, and this discrepancy was resolved by the discovery that two key galactose transcripts possess half-lives that depend on the carbon source. Finally, to explore how induction characteristics affect frequency response, we compare two S. cerevisiae strains and show that they have the same frequency response despite having markedly different induction properties. This suggests that although certain characteristics of the complex networks may differ when probed in a static environment, the system has been optimized for a robust response to a dynamically changing environment.
To probe the response of a metabolic gene network to a fluctuating environment, we developed a microfluidic platform that can subject a population of cells to a continuously varying supply of medium (Fig. 1) . The device is designed to generate a fluctuating signal of medium by dynamically combining two medium-filled reservoirs in accordance with a time-dependent function. Feeding channels deliver the media downstream to a customizable growth chamber, which for this study was constructed to constrain a population of yeast cells to grow in a monolayer, permitting long-term data acquisition 10 . The composition of the medium is dynamically controlled by a fluidic switch 11 , such that changes in the upstream source may be detected almost immediately by the cells. The fluidic switch was optimized to generate a linear range of mixing ratios from the two media inputs, allowing a variety of periodic waveforms or random signals to be generated (see Supplementary Information for full details of the device).
As a quantifiable reporter of the cellular response to environmental fluctuations, we fused the native Gal1 protein of S. cerevisiae to the yeast-optimized enhanced cyan fluorescent protein (yECFP) 12, 13 . The enzymes for galactose utilization, including Gal1, are among the most tightly regulated proteins in yeast. Because glucose requires much less energy to metabolize, cells will consume galactose only if glucose is not available. S. cerevisiae has therefore evolved a highly complex regulatory network to ensure that the galactose-metabolizing enzymes will be strongly activated when they are needed, but tightly repressed if glucose is present in the environment (Fig. 2a) . Because the network has been well studied and involves regulatory motifs common to many higher organisms, galactose utilization is a model for gene regulation.
To build on the current understanding of its robust regulatory mechanisms, we employed our microfluidic platform to monitor the dynamics of network activation and repression in response to sinusoidal perturbations of glucose over a galactose background. A population of yeast cells was subjected to sinusoidal waves of glucose concentration over a 0.2% (w/v) galactose background, with glucose concentration varying from 0% (no repression of GAL1 transcription) to 0.25% (full repression; see Supplementary Information for repression data). For each run we changed the frequency of the glucose signal, varying the period from 0.75 to 4.5 h, and we imaged the population for a minimum of four full cycles. Time-lapse fluorescence imaging of the cell population in the growth chamber was used to calculate the amplitude ratio and phase shift of the cellular response relative to the glucose signal. The results show a maximum response frequency of about 5.6 radians h 21 (1.125 h period). At this frequency, the response trace was indistinguishable from a normal step-function response, whereas at the lower frequencies the temporal fluorescence trajectories clearly oscillated in response to the signal. In this sense, the galactose system seems to function as a low-pass filter that reliably responds to a slowly changing environment, while effectively ignoring fluctuations that are too fast for the cell to mount an efficient response.
Because the sinusoidal driving of the galactose utilization network leads to complex cellular behaviour, we used computational modelling to simulate the response and to uncover key aspects of the network architecture that give rise to the observed behaviour 14 . In particular, we were interested in how the interplay of the galactose and glucose utilization networks gives rise to the observed frequency response to carbon source fluctuations. By itself, the turnover of Gal1-yECFP, due either to dilution or to active degradation (or both), leads to low-pass filtering of periodic signals. However, feedback loops inherent in gene regulatory networks can alter the response of proteins to stimuli 15 . Therefore, to simulate the effects of galactose activation and glucose repression on our experimental data, we adapted a comprehensive model of the galactose network described previously 16 . This model includes the transcription and translation of the GAL1, GAL2, GAL3, GAL4 and GAL80 genes as well as the interactions of their respective proteins with each other and with galactose (such as dimerization, transport and metabolism). Whenever possible we used parameter values either at or close to the values reported previously 16 . In addition to this galactose network model, it was necessary to model the dynamics of the glucose network. The glucose network is much more complex than that of galactose [17] [18] [19] and models for it are much less well established. We therefore chose to model the glucose network with a simplified module describing a basic transport regulatory system. In it, protein products of the glucose network are responsible for transporting external glucose into the cell while internalized glucose acts to induce transcription in the network, giving rise to a positive feedback loop (see Fig. 2a ).
Calibration of the computational model to the experimental data led to several important observations that would not have arisen from an analysis of steady-state batch culture data. The large amplitude ratios observed at low frequencies suggested that when glucose was added to the system the degradation rates of some galactose network components were greater than in the absence of glucose. Previous studies have suggested that components of the glucose network can actively degrade messenger RNA produced by genes involved in the galactose/glucose switch 8 , and this phenomenon has also been shown to exist for the mRNA of other genes [20] [21] [22] . We therefore added enzymatic decay terms (governed by MichaelisMenten dynamics) to the equations describing the dynamics of the GAL1 and GAL3 mRNA and found that it greatly increased the accuracy of the model. These two genes are among those in the galactose network that are targeted by the glucose-induced protein Mig1, which represses transcription by binding to upstream regulatory sites 19 . Thus, if proteins from the glucose network do actively degrade galactose network transcripts, GAL1 and GAL3 are likely targets. To test this prediction, we measured the degradation rates of GAL1 and GAL3 in both galactose and glucose. Both transcripts showed a 2-8-fold increase in their decay rates in the presence of glucose (see Fig. 2b and Supplementary Information), which is consistent with the values predicted by the computational model. This form of post-transcriptional regulation, in which glucose acts to downregulate Gal protein synthesis, is a previously unknown source of regulation in the galactose utilization network. Furthermore, the inclusion of glucosemediated mRNA decay results in a model that accurately reproduces the dynamic response of a population of cells to sinusoidal repression over a large range of frequencies (Fig. 3) .
Batch-culture induction characteristics for metabolic genes can vary from strain to strain or depend sensitively on the growth state of the culture. We were therefore also interested in using the model to determine how galactose induction differences would affect the response to the glucose fluctuations. The model demonstrated that The regulatory genes in the galactose network are activated by the Gal4 protein, which binds to upstream activation sites. The GAL80 gene provides negative feedback in the system by prohibiting the inducing affects of Gal4. Positive feedback is provided by both GAL2 and GAL3. Internalized galactose can bind to Gal3, and the resulting complex binds to Gal80. Gal80 bound to the Gal3-galactose complex is incapable of repressing Gal4. In addition, the transporter Gal2 increases the amount of internal galactose, which stimulates the galactose network. The glucose network inhibits the transport of galactose and represses transcription of the galactose network in the presence of glucose through the action of Mig1, which can bind to upstream regulatory sites of GAL1, GAL3 and GAL4 (ref. 19 ). The glucose network also regulates the hexose transporter genes (HXT), responsible for transporting glucose into the cell 27 , which then activates the glucose network. significantly different galactose induction does not necessarily lead to significant differences in the response characteristics (data not shown). In other words, the model led to the hypothesis that deficiencies in network induction capabilities might not hinder a cell's ability to adapt and thrive in a changing environment. The yeast strain used to collect the present data, K699, is sensitive to external galactose concentrations, with full induction of the galactose network occurring at about 0.05% (w/v) galactose. To test our hypothesis, we turned to a strain (YPH499) that is known to have a deficiency in the galactose utilization network that causes it to require more galactose than 'normal' to induce production of the galactose enzymes 23 . YPH499 is a derivative of a GAL2 mutant strain, and although the mutations were reportedly repaired, the GAL2 alleles in many of the derivative strains have been shown to cause significantly impaired galactose uptake 23 . Gal2 protein is responsible for the transport of extracellular galactose into the cell and its activity is markedly different in YPH499 from that in K699. Our flow cytometry population data demonstrated that YPH499 cells require about tenfold more galactose than K699 cells to reach full induction (see Supplementary Information).
Despite the difference in induction sensitivity between K699 and YPH499 cells, our model predicted that inefficient Gal2 transport does not translate into a less robust response to a fluctuating environment. This suggests that the complex interplay of the glucose and galactose networks may confer robustness on cells even if faced with deficiencies in the induction characteristics. To validate this finding, we repeated the microfluidic runs at each frequency, this time using the YPH499 strain with a Gal1-yECFP fusion. As predicted, the amplitude responses of the two strains are strikingly similar (Fig. 4) , especially considering the significant difference in their galactose sensitivity. We do not at present know the underlying mechanistic property of the regulatory network that leads to the robust response of the two strains. Future studies might endeavour to deduce this mechanism through the systematic deconstruction of the regulatory elements in a single strain. Although the present study shows how robustness can occur despite large differences in induction characteristics, one could further investigate the generality of this phenomenon by comparing the responses of many different strains to different types of temporal perturbation.
METHODS SUMMARY
Dynamic environment experiments. Cells containing a GAL1-yECFP fusion were imaged every 5 min for up to 24 h by using time-lapse fluorescent microscopy to estimate the concentration of Gal1 as a function of time. Cells were constrained to grow in a custom-designed microfluidic platform that permitted the dynamically controlled mixing of two growth media. Our inducing medium contained LETTERS 2% raffinose and 0.2% galactose, whereas the repressing medium contained 2% raffinose, 0.2% galactose and 0.25% glucose. The resulting images were processed with cell segmentation and tracking software, and the population-averaged fluorescence concentrations were measured. To ensure correct waveform generation, glucose concentrations were monitored by introducing a red fluorescent tracer dye (sulphorhodamine 101, 0.01 mg ml 21 ) to the repressing medium. Microfluidic chips and waveform generation. The polydimethylsiloxane microfluidic devices were designed to permit the monolayer growth of yeast cells in the imaging chamber and were fabricated with standard replica-moulding techniques [24] [25] [26] . An upstream fluidic switch controlled the input of medium into the chamber by mixing the flows of the inducing and repressing media. The mixing ratio of the two media was governed by a software-controlled, customdesigned pressurization system that was able to produce time-varying waveforms consistently. mRNA degradation experiments. The degradation rates of GAL1 and GAL3 transcripts were measured with standard reverse-transcriptase-mediated quantitative polymerase chain reaction techniques. Knockout strains for both genes were first created, and then ectopic GAL1 and GAL3 were placed back into the cell under the control of a doxycycline-repressible promoter. Half-lives of mRNAs were measured from cells grown in the presence or absence of glucose.
Complete details of all materials and methods used and the specifics of the computational model are available in Supplementary Information.
